###### Key Points

1\. Combination of ADC MRI and \[^18^F\]FET PET detects glioma infiltration better than standard MRI and \[^18^F\]FET PET in enhancing gliomas.

2\. Combination of ADC MRI and \[^18^F\]FET PET may enable better image-guided surgery/irradiation in enhancing gliomas.

###### Importance of the Study

Despite the suboptimal accuracy of standard MRI to detect diffuse glioma infiltration, no new imaging standard has been established, although amino acid PET has been suggested. The few prior studies suffered from limited number of imaging sequences, imprecise correlation between imaging measurements and histopathological verification, and overrepresentation of enhancing tumors. This study shows that a combination of ADC and \[^18^F\]FET PET detects glioma infiltration more accurately than standard MRI and \[^18^F\]FET PET in enhancing gliomas, as well as high-grade, IDH-wildtype, and \[^18^F\]FET positive gliomas, potentially enabling better guidance of surgery and irradiation. A future randomized controlled trial is therefore needed to compare ADC/FET and current standard MRI to guide surgery and radiotherapy.

Imaging of diffuse glioma infiltration guides decisions for initial local treatment. For instance, surgical resection aims to remove as much tumor as possible guided by standard MRI: T1-weighted gadolinium-enhanced (T1G) sequences for enhancing gliomas and T2-weighted (T2w) or fluid attenuated inversion recovery (FLAIR)--weighted sequences for non-enhancing gliomas. Furthermore, irradiation is guided by T1G MRI abnormalities with centimeter margins and FLAIR MRI abnormalities for enhancing gliomas^[@CIT0001]^ and T2w or FLAIR MRI abnormalities with centimeter margins for non-enhancing gliomas.^[@CIT0001],[@CIT0002]^

Several observations challenge the accuracy of standard MRI to detect glioma infiltration: glioma cells have been detected outside MRI abnormalities,^[@CIT0003],[@CIT0004]^ most gliomas recur locally after gross total resection,^[@CIT0005],[@CIT0006]^ and survival is poor even after radiologically complete resections.^[@CIT0007],[@CIT0008]^ In a recent meta-analysis, amino acid PET and magnetic resonance spectroscopy (MRS) were more sensitive for glioma infiltration detection in enhancing gliomas than standard MRI.^[@CIT0009]^ Furthermore, the Response Assessment in Neuro-Oncology (RANO) working group has recently concluded amino acid PET to be superior to standard MRI for the delineation of diffuse glioma. The RANO working group, however, also suggests that combinations of imaging sequences could potentially be more accurate than single sequences.^[@CIT0010],[@CIT0011]^ Only a few studies have reported imaging combinations, which suffered from a limited number of imaging sequences, imprecise correlation between imaging measurements and histopathological verification, and overrepresentation of enhancing tumors.^[@CIT0012]^

Better detection of glioma infiltration by imaging combinations could have several clinical benefits. First, imaging combinations should guide more extensive resections beyond the standard MRI abnormalities. The few studies that used FLAIR-weighted MRI, PET, or MRS for resections beyond standard MRI abnormalities have demonstrated longer progression-free and overall survival.^[@CIT0007],[@CIT0019]^ Second, more accurate estimation of glioma infiltration should identify patients with such extensive infiltration that partial tumor removal would be meaningless. Third, imaging combinations should improve clinical target volumes for irradiation. Finally, imaging combinations should determine tumor growth more accurately in follow-up in particular for non-enhancing gliomas.^[@CIT0022],[@CIT0023]^

Diffuse gliomas can be subclassified using different biomarkers---for example, imaging markers such as enhancement on T1G MRI, histopathological markers like the World Health Organization (WHO) classification, or molecular markers such as isocitrate dehydrogenase (IDH) mutational status. Since surgical resection is mostly initiated before histopathological or molecular diagnosis, imaging markers are used to select the optimal imaging method for guidance of surgical resection.

We set out to determine the most accurate imaging combination to detect glioma infiltration in enhancing and non-enhancing gliomas using precise multiregion biopsies from regions with and without imaging abnormalities.

Methods {#s1}
=======

Study Population {#s2}
----------------

The protocol of this prospective single center diagnostic study has been described elsewhere.^[@CIT0024]^ Study participants were recruited between September 2014 and June 2018 at the Brain Tumor Center of Amsterdam UMC, Netherlands. Adult patients were eligible for inclusion with an indication for resective surgery for a suspected supratentorial diffuse glioma (WHO grades II--IV), diagnosed by an experienced neuroradiologist and confirmed by the multidisciplinary neuro-oncological tumor board. Exclusion criteria were pregnancy, previous brain surgery, cranial irradiation or chemotherapy, and other brain pathology on MRI.

The study protocol was approved by the Medical Ethics Review Committee of the Free University Medical Center, and registered in the Dutch National Trial Register (NTR5354). Written informed consent was obtained from all patients.

Imaging Methods {#s3}
---------------

MRI and O-(2-\[18F\]-fluoroethyl)-L-tyrosine (\[^18^F\]FET) PET scans were acquired within 14 days preceding surgery, both on the same day when possible. MRI was performed at 3T (Achieva, Philips Healthcare), and PET on either a Gemini TF-64 PET/CT or an Ingenuity TF PET/CT (Philips Healthcare). MRI included standard sequences: T1-weighted (T1w), T2w, FLAIR, and T1G; diffusion tensor imaging (DTI) MRI sequences yielding apparent diffusion coefficient (ADC) and fractional anisotropy (FA); perfusion MRI sequences yielding dynamic susceptibility contrast relative cerebral blood volume (DSC-CBV) and relative cerebral blood flow (DSC-CBF) and arterial spin labeling relative cerebral blood flow (ASL-CBF), and MR spectroscopic imaging yielding Cho/NAA Index (MRSI-CNI). For \[^18^F\]FET PET, a tumor-to-brain ratio, validated with full kinetic modeling,^[@CIT0025]^ of the 20--40 minute interval was used, in accordance with European guidelines for brain tumor imaging.^[@CIT0026]^ Scan protocols, including the \[^18^F\]FET PET tumor-to-brain ratio method, are provided in the Supplementary Methods.

Multiregion Stereotactic Biopsies {#s4}
---------------------------------

All imaging sequences were linearly registered with the T1G MRI (iPlan 3.0, Brainlab) and subsequently used to plan a maximum of 12 sample locations along 3 biopsy trajectories, avoiding vascular structures and regions related with crucial functions. Preceding the craniotomy, cylindrical samples (1.8 mm diameter and 10 mm length) were obtained from regions inside and outside of imaging abnormalities using customized stereotactic procedures, detailed elsewhere,^[@CIT0027]^ to co-localize with the imaging as precise as possible (median Euclidean distance, 3.5 mm). These biopsy sample locations were digitally recorded intraoperatively to retrieve the corresponding coordinates in the imaging sequence.

Assessment of Tumor Presence {#s5}
----------------------------

Samples were fixed in formalin, embedded in paraffin, stained with hematoxylin and eosin, and immunohistochemically analyzed with antibodies against Ki-67, p53, and R132H mutant IDH1. Two expert neuropathologists, blinded for the imaging results and patient diagnosis, independently assessed tumor presence in each sample. Consensus was obtained in case of disagreement. Histopathological diagnosis of each patient was determined from the resection material in routine procedures according to the WHO 2016 criteria.^[@CIT0028]^

Imaging Analysis {#s6}
----------------

Imaging sequence coordinates that corresponded with biopsy sample locations were used to center cubic regions of interest (ROIs) of 1 cm^3^. In order to normalize the imaging sequences with relative measurements (T1w, T2w, FLAIR, T1G, DSC-CBV and -CBF, and ASL-CBF), an ROI was manually placed in the same region of the contralateral hemisphere for each biopsy location. For each imaging sequence, the mean of the voxel measurements within the biopsy and contralateral ROI were extracted for further analyses (FSL version 5.0.9, FMRIB Software Library).

Statistical Analysis {#s7}
--------------------

Descriptive statistics were used to report patient demographics, biopsy results, and imaging measurements of normal and tumor samples. Differences between imaging measurements of normal and tumor samples were compared using a two-sided Mann‒Whitney *U*-test. Interobserver agreement between neuropathologists was measured using the kappa statistic.^[@CIT0029]^

The optimal imaging combination in relation to tumor presence was determined in a generalized linear mixed model to remove between-subject effects. See Supplementary Methods for more details. The optimal model was determined using the Akaike information criterion.^[@CIT0030]^ The accuracy of imaging combinations to detect tumor presence was determined using receiver operating characteristic (ROC) analysis. Using the imaging measurements as a diagnostic test and the histopathological tumor presence as a reference test, the areas under the ROC curve (AUCs) with 95% confidence intervals were calculated (R package 'pROC' version 1.10.0^[@CIT0031]^). AUCs of each single imaging method and the optimal imaging combination were compared using a nonparametric analysis of clustered binary data to account for within-patient correlation.^[@CIT0032]^ A leave-one-out cross-validation was performed to calculate prediction accuracy.

Main analysis included patients with enhancing gliomas, defined as marked contrast enhancement,^[@CIT0033]^ or non-enhancing gliomas, defined as none or mild contrast enhancement.^[@CIT0001]^ Subgroup analysis was performed for patients with high- or low-grade gliomas, defined by diagnosis according to WHO 2016 criteria,^[@CIT0028]^ IDH-wildtype or IDH-mutant gliomas, defined by immunohistochemistry for IDH1 R132H mutant protein for all but one case in which the IDH-mutant status was demonstrated by methylation profiling, and \[^18^F\]FET positive or negative gliomas, defined as tumoral uptake not exceeding background activity in visual analysis. A sensitivity analysis for non-enhancing gliomas including only patients with \[^18^F\]FET uptake was performed. Missing imaging measurements were handled by exclusion as well as by imputation.^[@CIT0034]^ The results based on these methods were similar ([Supplementary Table 1](#sup3){ref-type="supplementary-material"}). Therefore, we present the analyses with exclusion of missing imaging measurements. *P*-values less than 0.05 were considered significant. All statistical analyses were performed using R (version 3.3.2, R Foundation). The study was conducted in accordance with the Standards for Reporting of Diagnostic Accuracy Studies statement ([Supplementary Table 2](#sup4){ref-type="supplementary-material"}).^[@CIT0035]^

Probability Map of Tumor Presence {#s8}
---------------------------------

The imaging combinations are the result of a regression analysis that used a specific formula to combine the mean values in the ROIs to predict tumor presence, so-called tumor probability, which ranges from 0 to 100%. Using this formula on the complete images, instead of only the ROIs, a tumor probability for each voxel was calculated, which resulted in a probability map of tumor presence for the whole brain. The script used to generate the ADC/FET probability map is provided in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Results {#s9}
=======

Twenty consecutive patients were included of 51 recruited (29 did not consent and 2 withdrew after consent). Patient characteristics are listed in [Table 1](#T1){ref-type="table"}. The median (interquartile range) duration between MR scan and surgery was 7 days (2--12) and between PET scan and surgery 6 days (1--11), respectively. Of the 174 biopsy samples, 111 were from the 11 enhancing gliomas and 63 from the 9 non-enhancing gliomas. Tumor was present in 129 (75%) samples, 79 (71%) samples in enhancing and 50 (79%) in non-enhancing gliomas. The number of patients, samples, and tumor presence of the subgroups are detailed in [Supplementary Table 3](#sup5){ref-type="supplementary-material"}. Exemplary images with biopsy results are presented in [Fig. 1](#F1){ref-type="fig"}. Interobserver agreement between pathologists was moderate, with a kappa of 0.47, and higher in non-enhancing, low-grade, IDH-mutant and \[^18^F\]FET negative gliomas (kappa 0.67, 0.66, 0.61, and 0.74, respectively) than in enhancing, high-grade, IDH-wildtype and \[^18^F\]FET positive gliomas (kappa 0.39, 0.40, 0.39, and 0.44, respectively). No biopsy-related complications occurred. Visual inspection showed absence of \[^18^F\]FET PET uptake in patients 10, 15, and 16, all with a diffuse astrocytoma, IDH-mutant. Imaging measurements were missing for MRSI-CNI in 36 samples from 14 patients because of limited coverage, for \[^18^F\]FET PET in 8 samples from 1 patient because of tracer production failure, and for ASL-CBF in 2 samples of 1 patient because of image artifacts.

###### 

Patient characteristics

  Patient   Age, y   Sex      Histology           WHO Grade   IDH Status   Contrast Enhancement   Lesion Site       Biopsies, *n*
  --------- -------- -------- ------------------- ----------- ------------ ---------------------- ----------------- ---------------
  01        28       Female   Glioblastoma        IV          Mutant       Yes                    Left frontal      8
  02        66       Male     Glioblastoma        IV          Wildtype     Yes                    Right frontal     8
  03        37       Male     Astrocytoma         II          Mutant       No                     Right frontal     9
  04        38       Female   Glioblastoma        IV          Mutant       Yes                    Left frontal      12
  05        24       Male     Oligodendroglioma   II          Mutant       No                     Right parietal    8
  06        21       Male     Astrocytoma         II          Mutant       No                     Left temporal     8
  07        58       Male     Glioblastoma        IV          Wildtype     Yes                    Left parietal     9
  08        55       Female   Glioblastoma        IV          Wildtype     Yes                    Right parietal    12
  09        39       Female   Astrocytoma         II          Mutant       No                     Left frontal      6
  10        52       Female   Astrocytoma         II          Mutant       No                     Right frontal     7
  11        70       Male     Glioblastoma        IV          Wildtype     Yes                    Right parietal    9
  12        43       Female   Astrocytoma         II          Mutant       No                     Left frontal      8
  13        66       Female   Glioblastoma        IV          Wildtype     Yes                    Right parietal    9
  14        69       Male     Glioblastoma        IV          Wildtype     No                     Left parietal     7
  15        31       Male     Astrocytoma         II          Mutant       No                     Left frontal      6
  16        37       Male     Astrocytoma         II          Mutant       No                     Left frontal      4
  17        69       Male     Glioblastoma        IV          Wildtype     Yes                    Right occipital   12
  18        70       Female   Glioblastoma        IV          Wildtype     Yes                    Right occipital   11
  19        58       Male     Glioblastoma        IV          Wildtype     Yes                    Right parietal    12
  20        51       Male     Glioblastoma        IV          Wildtype     Yes                    Left temporal     9

![Examples of imaging with corresponding histology. Example of a 55-year-old female with right occipital enhancing glioblastoma, IDH-wildtype. *First row*: on the left a 3D reconstruction of a biopsy trajectory, aimed at peripheral sample locations, with the outline of the contrast enhancement in yellow. Corresponding histology on the right. In the following rows in-line images with the trajectory and sample locations in blue. *Second row*: standard MRI, *third row*: diffusion MRI, ASL and DSC CBF and *final row*: DSC-CBV, \[^18^F\]FET PET, and MR spectroscopic imaging. Absolute imaging measurements are represented in color scales. T1w and T2w: T1- and T2-weighted MRI, FLAIR: fluid attenuation inversion recovery weighted MRI, T1G: T1-weighted gadolinium-enhanced, ADC: apparent diffusion coefficient (in 10^--3^ mm^2^/s), FA: fractional anisotropy (FA), DSC-CBV and DSC-CBF: dynamic susceptibility contrast cerebral blood volume and flow, ASL-CBF: arterial spin labeling cerebral blood flow, MRSI-CNI: magnetic resonance spectroscopy imaging Cho/NAA index (concentration ratio in %), shown as overlay on FLAIR, \[^18^F\]FET: \[^18^F\]FET PET tumor-to-brain ratio 20--40 minutes interval.](noz180f0001){#F1}

Imaging Measurements in Samples With and Without Tumor {#s10}
------------------------------------------------------

In patients with enhancing glioma, imaging measurements for samples with tumor presence were significantly higher in T2w, FLAIR MRI, ADC, DSC-CBV, MRSI--CNI, and \[^18^F\]FET PET, and lower in FA, than for samples without tumor ([Supplementary Figure 1A](#sup8){ref-type="supplementary-material"}). In patients with non-enhancing glioma, imaging measurements for samples with tumor presence were significantly higher in T2w, FLAIR MRI, ADC, and \[^18^F\]FET PET, and significantly lower in T1G MRI and FA, than for samples without tumor [Supplementary Figure 1B](#sup8){ref-type="supplementary-material"}). The results of the subgroup analysis are presented in [Supplementary Figure 1C](#sup8){ref-type="supplementary-material"}‒[H](#sup1){ref-type="supplementary-material"}.

Modeling and Validation of Imaging Combinations {#s11}
-----------------------------------------------

The optimal imaging combination with the best fit in enhancing glioma was the combination of ADC with \[^18^F\]FET PET (ADC/FET), while ADC with DSC-CBF (ADC/CBF) or DSC-CBV (ADC/CBV) had the second and third best fit. In non-enhancing glioma, ADC with T1G (ADC/T1G), ADC with DSC-CBF and DSC-CBV (ADC/CBF/CBV), and T2w with T1G (T2w/T1G) had the best, second, and third best fits, respectively. Regression coefficients of these imaging combinations are detailed in [Supplementary Table 4](#sup6){ref-type="supplementary-material"}. Cross-validation prediction accuracy was highest for ADC/FET (82%) in enhancing glioma and ADC/T1G (88%) in non-enhancing glioma. Details of all imaging combinations, including cross-validation accuracy, are presented in [Supplementary Table 5A, B](#sup5){ref-type="supplementary-material"}, and for the subgroups in [Supplementary Table 5C](#sup5){ref-type="supplementary-material"}‒[H](#sup1){ref-type="supplementary-material"}. The sensitivity analysis for non-enhancing gliomas including only patients with \[^18^F\]FET uptake did not result in optimal imaging combinations with \[^18^F\]FET PET.

Diagnostic Accuracy of Single Imaging and Imaging Combinations {#s12}
--------------------------------------------------------------

The highest diagnostic accuracy in enhancing glioma was found for the ADC/FET imaging combination (AUC, 95% CI: 0.89, 0.79--0.99). In non-enhancing glioma, ADC/T1G diagnostic accuracy was highest (0.90, 0.85--0.96). In the subgroup analysis, highest accuracy in high-grade, IDH-wildtype, and \[^18^F\]FET positive glioma was found for ADC/FET (0.89, 0.80--0.99; 0.88, 0.78--0.99; and 0.90, 0.84--0.96, respectively), while in low-grade and IDH-mutant glioma, diagnostic accuracy was highest for T2w/T1G (0.89, 0.79--0.99 and 0.91, 0.82--0.99, respectively) and in \[^18^F\]FET negative glioma, ADC/FA diagnostic accuracy was highest (1.00, 1.00--1.00). ROC plots with the AUC of each single imaging and imaging combination are provided in [Supplementary Figure 2](#sup9){ref-type="supplementary-material"}.

Comparison of Diagnostic Accuracy of Single Imaging and Imaging Combinations {#s13}
----------------------------------------------------------------------------

In enhancing glioma, ADC/FET had a significantly higher diagnostic accuracy than each single imaging method, including T1G MRI and \[^18^F\]FET PET. ADC/CBF and ADC/CBV diagnostic accuracies were not significantly higher than ADC and \[^18^F\]FET PET. There was no significant difference in diagnostic accuracy between the imaging combinations. The diagnostic accuracy of \[^18^F\]FET PET was significantly higher than T1G MRI ([Fig. 2A](#F2){ref-type="fig"}). In non-enhancing glioma, none of the imaging combinations' diagnostic accuracies were significantly higher than T2w or FLAIR MRI. All imaging combinations' diagnostic accuracies were higher than \[^18^F\]FET PET. The diagnostic accuracies of T2w and FLAIR MRI were almost identical. FLAIR MRI diagnostic accuracy was significantly higher than \[^18^F\]FET PET ([Fig. 2B](#F2){ref-type="fig"}).

![Receiver operating characteristic curves of standard MRI, \[^18^F\]FET PET, and the optimal imaging combination. ROC curves with the AUC of the optimal imaging combinations in red, orange, and yellow, standard MRI in dark and light blue, and \[^18^F\]FET PET in cyan for (A) enhancing, (B) non-enhancing, (C) high-grade, (D) low-grade, (E) IDH-wildtype, (F) IDH-mutant, (G) \[^18^F\]FET PET positive, and (H) negative glioma. The number of patients and samples of each ROC analysis is displayed in the title.](noz180f0002){#F2}

In the subgroup analysis of high-grade, IDH-wildtype, and \[^18^F\]FET PET positive glioma, ADC/FET diagnostic accuracy was higher than T1G MRI and \[^18^F\]FET PET, while \[^18^F\]FET PET diagnostic accuracy was higher than T1G MRI, except for in \[^18^F\]FET PET positive glioma ([Fig. 2C, E, G](#F2){ref-type="fig"}). In low-grade and IDH-mutant glioma, T2w/T1G diagnostic accuracy was significantly higher than T2w MRI and \[^18^F\]FET PET but not FLAIR MRI. The diagnostic accuracies of T2w and FLAIR MRI were almost identical. In low-grade glioma FLAIR MRI diagnostic accuracy and in IDH-mutant glioma both T2w and FLAIR MRI diagnostic accuracies were higher than \[^18^F\]FET PET ([Fig. 2D/F](#F2){ref-type="fig"}). In \[^18^F\]FET PET negative glioma, ADC/FA diagnostic accuracy was higher than FLAIR, but not T2w MRI ([Fig. 2H](#F2){ref-type="fig"}); however, due to the low number of patients and samples, these results have to be interpreted with caution. Comparison of diagnostic accuracy of each single imaging and imaging combinations, including subgroup analysis, is detailed in [Supplementary Table 6](#sup1){ref-type="supplementary-material"}.

Probability Map of Tumor Presence {#s14}
---------------------------------

Probability maps for tumor presence of the ADC/FET imaging combination in enhancing gliomas were constructed. These probability maps showed larger target volumes than standard T1G MRI and \[^18^F\]FET PET in all enhancing gliomas. We observed seemingly raised tumor probability in the sulci and cisterns, which is artifactual. An exemplary probability map for tumor presence is presented in [Fig. 3](#F3){ref-type="fig"}.

![Probability map of tumor presence. (A) \[^18^F\]FET PET, ADC, T1G MRI, and a tumor probability map of the ADC/FET imaging combination for patient 20 (a 51-year-old male patient with a left central enhancing glioblastoma, IDH wildtype). The white arrows indicate a sample location with the corresponding histology on the right. Seemingly raised tumor probability in the sulci and cisterns of the probability map of tumor presence is artifactual. (B) Example of the interpretation of the ROC curve of the ADC/FET imaging combination. *Left*: ROC curve of ADC/FET imaging combination in enhancing glioma with 3 exemplary probabilities with corresponding sensitivity and specificity in green, yellow, and red. *Center*: T1G MRI with tumor delineations according to probabilities from the ROC curve for patient 20; *Right*: Tables of true positive (TP), false negative (FN), true negative (TN), and false positive (FP) samples (*n* = 9) of patient 20, according to the probabilities of the ROC curve.](noz180f0003){#F3}

Discussion {#s15}
==========

The main finding of this prospective study is that glioma infiltration in enhancing glioma is most accurately detected by the combination of ADC and \[^18^F\]FET PET. The combination of ADC and DSC-CBF or DSC-CBV is a good alternative. This is similar in high-grade, IDH-wildtype, and \[^18^F\]FET PET positive gliomas. These imaging combinations potentially guide surgical resection and irradiation better than standard MRI and \[^18^F\]-FET PET.

The few studies that looked into imaging combinations to detect glioma infiltration all concluded that imaging combinations had a higher diagnostic accuracy than standard MRI.^[@CIT0012]^ Interestingly, all studies with amino acid PET, each with a majority of enhancing gliomas, included PET in their optimal imaging combination.^[@CIT0012]^ This is similar to our findings, although none of these studies included both amino acid PET and ADC. ADC, or mean diffusivity, was included in the optimal imaging combination of all but one study looking into diffusion imaging.^[@CIT0015],[@CIT0017],[@CIT0018]^ This could be due to the reported correlation between ADC and glioma cellularity,^[@CIT0036]^ although other studies did not find this correlation.^[@CIT0037]^ The study that did not include ADC in the optimal imaging combination aimed to identify the higher cellular tumor core, rather than tumor infiltration.^[@CIT0016]^ The use of perfusion weighted imaging (PWI) as alternative for \[^18^F\]FET PET is in line with the literature, since all studies with PWI included a perfusion metric in their optimal model.^[@CIT0014],[@CIT0018]^

There are no studies reporting imaging combinations solemnly for non-enhancing glioma; however, one study with a majority of low-grade gliomas reported diffusion-based metrics as most accurate for discrimination between infiltration, edema, and normal tissue.^[@CIT0018]^ In our study, \[^18^F\]FET PET was not found to be a component of the optimal imaging combinations for non-enhancing glioma, and \[^18^F\]FET PET diagnostic accuracy was lower than that of FLAIR MRI, even after removing patients without \[^18^F\]FET uptake. These findings contradict the current RANO recommendations,^[@CIT0010]^ which were based on multiple studies of which 2 investigated \[^11^C\]MET or \[^18^F\]FET PET. Pauleit et al obtained 15 samples in 7 grade II glioma patients, resulting in a 100% sensitivity and 91% specificity using \[^18^F\]FET PET.^[@CIT0038]^ Since all samples were acquired from regions with abnormal MRI and/or \[^18^F\]FET PET signal, no false negative samples were obtained, in contrast to our study, explaining the higher sensitivity. Kracht et al reported a 25% underestimation of tumor extent based on 26 samples in 5 grade II astrocytoma patients, using \[^11^C\]MET PET, which is in line with our results.^[@CIT0039]^

Both ADC/CBF and ADC/CBV could serve as alternatives for ADC/FET in enhancing gliomas, which is important in case of limited access to \[^18^F\]FET PET or limited resources. Still, we argue for the use of ADC/FET due to several reasons. First, ADC/CBF and ADC/CBF AUCs were not significantly higher than single \[^18^F\]FET PET and ADC in enhancing gliomas. Second, single DSC-CBF and DSC-CBV had lower, although not significant, diagnostic accuracies than single \[^18^F\]FET PET, which is in line with a study reporting larger tumor volumes for \[^18^F\]FET PET than DSC-CBV.^[@CIT0040]^ Finally, a recent meta-analysis found considerable heterogeneity in PWI acquisition and postprocessing.^[@CIT0041]^ This is in contrast to amino acid PET, which has European procedure guidelines.^[@CIT0026]^

Better detection of glioma infiltration will probably result in larger target tumor volumes for surgery and radiotherapy and may extend into critical brain structures. Therefore, considerations for the balance between maximal cytoreduction and preservation of critical brain functions are essential,^[@CIT0042]^ highlighting the need to localize critical brain structures. In surgery, intraoperative stimulation mapping (ISM) is the standard to localize functionally critical brain structures to avoid permanent severe neurologic deficits.^[@CIT0043]^ In radiotherapy, guidelines recommend sparing of brainstem, chiasm, cochlea, eyes, lacrimal glands, lens, optical nerves, and pituitary, but so far do not recommend sparing of functionally critical cortical and subcortical brain structures.^[@CIT0001]^ A relatively new concept in radiotherapy is the use of functional MRI and DTI fiber tracking to identify critical structures and adjust target volumes.^[@CIT0044]^

Diffuse glioma is characterized by extensive infiltration in the brain with diminishing percentages of cancer cells from tumor core to normal brain.^[@CIT0004],[@CIT0045]^ This gradual cellular infiltration is notoriously difficult to detect by imaging. The ideal imaging method should quantify the fraction of glioma cells per tissue volume throughout the brain for better local treatment decisions. In essence this would provide a measure of so-called tumor purity. Tumor purity cannot even be unambiguously quantified in histological sections of samples, which were used as reference in the current study. Single cell transcriptional analysis is promising in this respect, although a limited tissue volume can be sampled.^[@CIT0046]^ Alternatively, imaging combinations can be used to calculate the probability of tumor presence for each voxel, thereby creating a probability map of tumor presence for the whole brain as shown in [Fig. 3](#F3){ref-type="fig"}. This provides a 3D landscape of glioma cell fractions instead of current oversimplifying attempts toward binary segmentations of tumor and normal brain. This probability map of tumor presence could guide surgery and irradiation, since it allows the surgeon to select a threshold for surgical decisions and the radiation oncologist to apply dose painting planning and treatment.

The clinical benefit of local treatment guided by the combination of ADC and \[^18^F\]FET PET should be addressed in future studies---for instance, as a randomized controlled trial comparing ADC/FET and current standard imaging to guide surgery and radiotherapy in enhancing gliomas. External validation of this study could be achieved with different study designs in combination with the provided script to generate ADC/FET probability maps.

Limitations of this study include the potential for selection bias, because patients with rapid clinical progression and priority surgical scheduling were not included. Furthermore, some imaging measurements were missing for MRSI-CNI due to the restricted field of view. We selected a spatial resolution of 1 cm^3^ for imaging measurements in an effort to reduce noise, but this may be lower than required for local treatment decisions. Although cross-validation demonstrated high prediction accuracies, performance in other datasets could differ from ours. We observed quite some interobserver variation between the expert neuropathologists. This can be explained by the difficulty to discern normal brain samples from samples with few glioma cells as required for this study and does not represent the accuracy of histopathological diagnosis in clinical practice. Use of immunohistochemistry for IDH1 R132H mutant protein would have introduced a bias due to the difference in assessment of IDH-wildtype and IDH-mutant gliomas. Finally, the probability maps of tumor presence have artifacts in sulci and cisterns. This is due to the high \[^18^F\]FET PET signal in large blood vessels, a known limitation of \[^18^F\]FET PET due to high blood concentration the first hour after injection^[@CIT0047]^ and high ADC signal of cerebrospinal fluid in the sulci and cisterns.

Conclusion {#s16}
==========

The imaging combination of ADC and \[^18^F\]FET PET is more accurate to detect glioma infiltration than is standard MRI in enhancing gliomas. Local treatment in enhancing gliomas by neurosurgery and radiotherapy can be optimized by guidance of this imaging combination.
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